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I. INTRODUCTION
T IS well-known that there has been a large demand for I high-power, high-voltage static var compensator (SVC) systems to regulate and stabilize transmission lines and to compensate industrial lagging loads. Various passive and active static var compensators have been reported in the literature HI.
In the earlier SVC's, multi-inverter systems for large-scale reactive power compensation are developed because of the lack of high-power, self-commutated semiconductor switches and the desire to reduce the harmonics [2] . These inverters are made up of problematic seriedparallel connections with special transformer arrangements in order to reduce the harmonic contents caused by each inverter. Because of the number of inverter stages or harmonic filter legs, however, such an SVC system becomes expensive, complicated, and large in volume, and suffers from resonances created by peripheral harmonic current sources [6].
The possibility of pulse-width modulation (PWM) voltage source inverters with high switching frequency for reactive power compensation is also reported [3]-[SI. However, the high switching frequency operation of presently available high-power semiconductor devices, like gate turn-off thyristors (GTO's), is not available. The switching frequency of GTO may not exceed several hundred hertz (fsw < 500 Hz), especially in the high-power range where high voltage can be applied. Recently, in order to apply to large-scale Manuscript received April 19, 1994; revised August 10, 1995 kV ac mains using 4500 V GTO's. These advantages enable the SVC system using a three-level inverter to be suitable for large-scale reactive power compensation. This paper presents the SVC system using a three-level GTO voltage source inverter for high-power, high-voltage applications. A new modeling method of the SVC system using a three-level inverter is reported by the authors [9] . A general and simple model for the proposed SVC system is derived by using the circuit DQ transformation [lo] . First the DQtransformed equivalent circuit for the proposed SVC system is obtained, and then it is analyzed completely, including dc and ac characteristics. In addition, the controller design based on the open-loop transfer function of the system obtained by the analysis of the DQ-transformed equivalent circuit is presented in this paper.
BRIEF SYSTEM OVERVIEW
The simplified block diagram of the SVC system presented in this paper is shown in Fig. 1 . The SVC system consists of a three-level inverter, a set of linked reactors and seriesconnected dc capacitor tanks, the three-phase loads, and the ac mains. Fig. 2 (a) shows the structure of one pole of the three-level GTO inverter, and the associated switching table is shown A more detailed explanation is described in Section IV by analyzing the DQ-transformed equivalent circuit obtained in the next section.
MODELING
The simplified main circuit of the SVC system is shown in Fig. 4 . By using circuit DQ transformation method, modeling of this circuit is presented by the authors [9]; however, for convenience, the modeling of this circuit is reviewed here. Modeling is carried out under the following assumptions: 1) all switches are ideal, 2) the source voltages are balanced, 3) the total losses in the inverter are represented by lumped 4) the harmonic contents caused by switching action are
The original circuit is too complex to analyze, so it is partitioned into several basic subcircuits, as shown in Fig. 4 . The three-phase source voltage (V,,,bc) and DQ transformation matrix K are defined as follows: resistor R,, and negligible. 
R, gives
The relationship between voltage and current in the resistor and the circuit DQ-transformed result of (5) is given by where From (6) and (7), the equivalent circuit of part A is obtained, as shown in Fig. 5(a) . Using the switching function S, the part C is expressed
(9) as ~ol~ows:
That is From (10) and ( l l ) , the inductor set becomes a second order gyrator-coupled system, as shown in Fig. 5(b) . (16) Under the assumption that the harmonic components caused
by switching action in the inverter are negligible, a switching function S can be defined as follows:
From (1.5)-( 17), the part C becomes a transformer-coupled system, as shown in Fig. S 
D. Circuit Reconstruction
The rule of circuit reconstruction is to connect the adjacent related nodes where the voltage and current variables are the same. The result is shown in Fig. 6 . This circuit can be directly used to find the dc operating point and dynamics of the system.
IV. ANALYSES
From the equivalent circuit obtained in the previous section, dc analysis is done to know the steady state operation and ac analysis is achieved to find the transient characteristics of the system.
A. DC Analysis
In the steady state operation, the inductors seem to be short and the capacitor seems to be open since all the DQ circuit variables imply dc values denoted by capital letters. Thus, using the equivalent circuit for dc, as shown in Fig. 7 , the characteristics of the SVC system in the steady state can be obtained without cumbersome equational manipulations. From  Fig. 7 , we obtain Therefore, the real power Pc and the reactive power Q, drawn by the inverter system are expressed as Fig. 8 shows the magnitude of P, and Q, as a function of Q with the specific circuit parameters given in Table I 
B. AC Analysis
The ac analysis can be done by introducing some perturbations in the control variable a. Ai this point, the circuit variables consist of dc and ac components and thus the perturbed components (ac values) are indicated by diacritical markA of the corresponding variables to distinguish from the quiescent values. Also, the following assumptions are made: 1) the quiescent a is nearly zero, 2) the perturbed S is small (181 < 5"), and 3) the second-order terms, i.e., products of variations, are negligible. With the aforementioned assumptions, we obtain
Therefore, the resultant small signal equivalent circuit can be drawn as shown in Fig. 9 , where all the dc components are eliminated. Now, it is straightforward to get the state equation of the system. The input of the system is the contro! variable & and the output is the generated reactive power Qc. From  Fig. 9 , we have
where From (26) and (27), the transfer function of the system is given by another steady state.
that the SVC system takes about 15 cycles, 250 ms, to reach
From the transfer function of (31), a controller can be designed in order that the var compensator system has fast dynamic characteristics. 
The closed-loop transfer function is given by (35)
To achieve fast dynamic response of the closed-loop system with the circuit parameters given in Table I , the control parameters are determined as follows:
(36) Fig. 12 shows the unit step response of the closed-loop system for the designed control parameters in (36) with the ckcuit parameters given in Table I . The SVC system takes two cycles to reach another steady state.
VI. EXPERIMENTAL RESULTS
To confirm the validity of the proposed analysis and controller design, an experimental 30 kVA prototype is implemented and tested. A three-phase, three-level GTO inverter is constructed with the values given in Table I . An optimized three-level PWM waveform is employed so as to meet the switching characteristics of the GTO device. Supposing highpower operation, the switching frequency at each active device is chosen to be relatively low. Fig. 13 shows the three-level switching pattern with respect to the phase voltage of the ac mains where the switching frequency of each device is considered to be 180 Hz. The PWM switching angles used in the experiment are
Fig. 14 shows the closed-loop system block diagram for implementation with PI controller. The control parameters, Kp and K,, are the same values designed in the previous section. In this experiment, the reactive load is not connected to the ac mains and the var command of the ac mains, Q:, is given arbitrary. The phase angle 'a' of the inverter output voltage is negative for capacitive var generation, as shown in Fig. 15(a) , and positive for inductive var generation, as shown in Fig. 16(a) .
Figs. 15@) and 16@) show the ac line current i, and the phase voltage wsa. Note that the line currents generated by the t level inverter have low harmonic components even thoug switching frequency of the active devices is 180 Hz.
Figs. 17 and 18 show the transient responses of the SVC system for a step change in the var command from capacitive to inductive and vice versa. Note that the unit step response of the open-loop system is very slow (about 15 cycles, 250 ms), as shown in Fig. 10 . These figures show that the SVC system takes about three cycles to reach another steady state. For the reason of the approximation in the analysis and the low-pass filter used to filter the reactive power Q s in the experiment, the experimental step response is thought to be slowed down one cycle more, compared with the analytical step response. The experimental results are thought to confirm the theoretical analysis and controller design pretty closely.
VII. CONCLUSION
In this paper, a SVC system using three-level GTO voltage source inverter is presented suitable for high-power, highvoltage applications. The general and simple DQ-transformed equivalent circuit for the proposed SVC system is obtained and analyzed completely, including dc and ac characteristics. In addition, based on the open-loop transfer function of the system obtained from the analysis of the DQ-transformed equivalent circuit, the PI controller is designed in order that the SVC system has fast dynamic response. The optimized PWM pattern with low switching frequency (fsw = 180 Hz) is adopted to be suitable for large reactive power compensation.
The validity of the analysis and controller design is proved by the experimental results. The line currents generated by the three-level inverter have low harmonic components even though the switching frequency of the active devices is very low. Good overall performance is obtained.
